Abstract: Models of entire managed systems, known as operating models or management strategy evaluation (MSE) models, have been developed in recent years to more fully account for uncertainty in multiple steps of fishery management. Here we describe an operating model of sea lamprey management in the Great Lakes and use the model to compare alternative management strategies for sea lamprey control in Lake Michigan. Control of sea lampreys is mainly achieved through the application of chemical lampricides that target stream-dwelling larvae before they become parasites. The operating model simulated uncertainty due to process variation in larval population dynamics, the accuracy of population assessments used to direct selection of areas to be chemically treated, and the effectiveness of these treatments. We used the operating model to compare the performance of stream selection strategies that either rely on assessments to direct chemical treatments or eliminate the assessment process altogether by relying on prior but uncertain knowledge of stream-level sea lamprey growth rates to specify a fixed schedule for chemical treatments. The fixed schedule strategy led to a modest improvement in expected suppression of parasitic sea lamprey abundance over the assessment-based strategy so long as assessment cost savings were allocated to chemical treatment when assessment was not used to select streams for treatment. We also evaluated the sensitivity of the assessment-based strategy to differing but plausible levels of assessment uncertainty. A moderate reduction in assessment uncertainty led to a large increase in suppression of parasitic sea lamprey abundance for the assessment-based selection strategy, emphasizing the importance of both accurately measuring and reducing assessment uncertainty.
INTRODUCTION
Fishery management can benefit greatly from forecasts of the consequences of alternative management strategies that properly account for system uncertainty [1] . Many forms of uncertainty can affect decision making [2, 3] , including uncertainty about ecological processes that govern population dynamics (process uncertainty), our inability to observe systems without error (measurement uncertainty), and the "disconnect" between an intended management action and what actually happens in the real world (implementation uncertainty). Until recently, technical challenges prevented explicitly considering these multiple sources of uncertainty for a Fishery management is not limited to capture fisheries, however, and uncertainty exists in other aspects of fishery management [11] [12] [13] . In the Laurentian Great Lakes, a critical management challenge is cost-effective control of the exotic sea lamprey Petromyzon marinus, which invaded the upper Great Lakes in the 1930s and devastated fish communities [14] . Today, sea lamprey populations are controlled through a bi-national integrated pest management program led by the Great Lakes Fishery Commission (GLFC). The integrated program reduces parasitic sea lamprey production by targeting larval habitats with chemical lampricides [15] , as well as employing various measures to reduce the reproductive success of adult sea lampreys as they return to Great Lakes tributary streams to spawn [16] [17] [18] . Each year the GLFC decides how to allocate limited pest control resources; for the lampricide program they have developed a management strategy that utilizes assessment information on larval sea lamprey abundance and distribution in streams to select a set of streams for lampricide treatment each year [19, 20] . The performance of this management strategy can be affected by process, assessment, and implementation uncertainty, but until recently these uncertainties have been largely ignored. In this paper, we describe an operating model for sea lamprey control that incorporates these uncertainties and our use of the model to explore alternative assessment strategies for the stream selection process for lampricide control.
BACKGROUND ON THE MANAGEMENT SYSTEM
Adult sea lampreys migrate into streams tributary to the Great Lakes during spring and spawn from late May through July. After hatching, larval sea lampreys drift downstream, burrow in soft substrates, and become filter-feeding ammocoetes. After 3-6 years spent in these habitats, most larvae begin metamorphosis, at which time they develop the feeding apparatus required for the parasitic life stage. Metamorphosed sea lampreys (called transformers during migration) migrate downstream to the lake in fall or spring where they feed on host teleost fishes for 12-18 months before maturing and completing their semelparous life cycle.
Most sea lamprey control is achieved through the periodic treatment of lotic and lentic habitats with the lampricides TFM (3-triflouromethyl-4-nitrophenol) and Bayluscide (2'5-dichloro-4'-nitrosalicylanilide), respectively. For a given budget the maximum level of control will be achieved if lampricide applications are directed to streams with the greatest abundance of larval sea lampreys expected to metamorphose in a given year relative to the cost of lampricide treatment for that area [21] . An assessment program is required to determine which streams contain the greatest number of larval sea lampreys expected to metamorphose in each year [19, 20] . The current larval assessment program used to prioritize streams for treatment is costly relative to the overall funds available for pest management; in recent years, larval assessment has accounted for one quarter to one third of the total sea lamprey management budget. Despite the high level of investment by the GLFC, the population estimates obtained from this assessment program are highly uncertain [22, 23] . Furthermore, the magnitude of population reduction in a stream treated with lampricides, while often assumed to be 95% or greater, can vary considerably across locations and over time, in part depending on environmental conditions (e.g., stream discharge) at the time of treatment.
Sea lamprey control is carried out in the North American Great Lakes to allow both wild and stocked teleost fishes, especially trout and salmon, to survive in sufficient numbers to contribute to a viable fishery and spawning population. Thus the primary objective of sea lamprey control is to achieve target levels of abundance of larger, older host fishes (mainly salmonines). In our analysis, however, we use the forecasted abundance of adult sea lampreys as our measure of performance for management strategies. Because sea lamprey abundance is far below and host abundance is far above the historical levels observed prior to the implementation of the control program, we can reasonably assume that sea lamprey attacks on hosts and thus host survival will be proportional to sea lamprey abundance over the range of abundances relevant to this analysis -moderate numbers of additional sea lamprey are unlikely to experience significant effects of exploitative competition [24] .
Here we describe how we incorporated uncertainties about sea lamprey population dynamics, assessment uncertainty, and implementation error into an operating model. We used the model to compare the performance of management strategies that either rely on larval assessment to direct selection of streams for chemical treatment or instead operate on a fixed-treatment schedule, thus eliminating the need for larval assessment. We also considered the influence of assessment uncertainty on this comparison. Surprisingly, there are few other evaluations where alternative choices about how to allocate budgetary resources between population assessment and other management actions have been assessed [25] .
THE OPERATING MODEL Overview
We developed a stochastic age-structured population model to forecast changes in future sea lamprey abundance for each of the Laurentian Great Lakes resulting from implementation of a particular pest management strategy. The model includes the full life cycle for the population of sea lampreys occupying the Great Lakes and tributary streams and forecasts changes in abundance over a 100-year time horizon. The model represents the sea lamprey life cycle as having the following stages: larval, transformer or metamorphosing, parasitic, and spawning-phase (Fig. 1) . To simulate control of sea lamprey production through application of lampricides, the model represents larval populations at the level of individual stream reaches that are the spatial units of chemical control. Spawning-phase sea lampreys are allocated to stream reaches based on stream size and larval abundance, then produce age-0 recruits based on a stock-recruitment function, and subsequently die. The operating model also allows stream-level manipulation of adult spawning success to simulate adult control tactics such as trapping of migrating adults or barriers to restrict access to spawning habitats. However, we will not be considering management strategies that include adult control in this analysis. Existing physical barriers are implicitly included in the model because only stream habitats downstream of such barriers are included as candidate stream reaches for lampricide control.
Because larval sea lampreys typically remain in streams for multiple years, the age-and length-structured larval population (ages 0 through 6 years) in each stream is updated annually to account for natural mortality, removals due to lampricide treatment, and losses due to metamorphosis to the parasitic life stage. The larval sea lampreys that complete metamorphosis and are not removed via lampricide control are added to the parasitic population for the lake. This cohort of parasites becomes the spawning-phase population in the following year after losses due to parasitic-phase natural mortality. In addition to the larval populations in stream habitats, the model also represents alternative larval habitat areas (Appendix A). The model includes uncertainty in biological processes (recruitment and growth), assessment of larval populations, and implementation of lampricide control. Definitions for all model parameters are provided in Table 1 .
The complete set of sea lamprey-producing streams for each Great Lake was explicitly represented, following the approach used by the GLFC (Gavin Christie, GLFC, Ann Arbor, MI, personal communication) in which large streams are divided into reaches for which independent lampricide treatment decisions can be made. We relied on an existing database (known as the Empiric Stream Treatment Ranking [ESTR] database, used by the GLFC to select streams for lampricide treatment) as a source of physical (stream lengths, widths, etc), biological (larval growth rates and growing season lengths), and economic (treatment costs) information for streams [19] . Below we describe the details of the operating model as it applies to each of the Great Lakes, and note areas where the model has stream-, lake-, or region-specific parameter values. The application of the model presented in this paper, however, is for Lake Michigan only (Fig. 2) . 
Biological Model
Adult sea lampreys do not home to natal streams [26] , therefore spawning-phase sea lampreys were allocated to stream reaches based on two rules: i) the drainage area of the stream, as streams with the greatest discharge have been found to accommodate the largest number of spawning- [27, 28] , and ii) the abundance of larvae in each stream reach, as sea lampreys have been shown to be attracted to a migratory pheromone released by stream-dwelling ammocoetes [29] . Each year, lake-wide spawning-phase sea lampreys were divided into those that migrate based on drainage area and those that migrate based on the abundance of larvae in each reach. Then, the number of spawning-phase sea lampreys allocated to a given reach was assumed to be positively related to both the drainage area and larval abundance, relative to other stream reaches:
In the simulations used in this paper, the two mechanisms were given equal weight (i.e., p A = 0.5).
Recruitment of larvae was calculated from the abundance of spawning-phase sea lampreys in each stream reach using a stochastic Ricker stock-recruitment function [30, 31] .
The density-dependent term of the recruitment function depended on the area of suitable larval habitat in the stream reach, which was obtained from surveys of the length, average width and proportion of wetted area comprising two types of habitat used by larval sea lampreys: preferred (Type 1) and acceptable (Type 2). We calculated a weighted area of suitable larval habitat from:
based on a conversion factor (r) derived from the observed ratios of sea lamprey density between these two habitat types [20] . We used lake-specific conversions based on empirical evidence of differences in this ratio among lakes (M.L. Jones, unpublished data). The other recruitment parameters for equation 2 were estimated using a meta-analysis of data from 90 stream-years of sea lamprey stock-recruitment data [31] . We chose the Ricker function to model recruitment because we observed reduced recruitment at high abundances of spawning-phase sea lamprey in these data. We assumed that inter-annual density-independent recruitment variation was not correlated among streams (no common "year effects") based on empirical analyses [31] . The empirical model related abundance of spawning-phase sea lampreys to observed age-1 abundance the following year, so the number of age-0 sea lampreys in year t was calculated from predicted age-1 abundance in year t+1 using an annual survival rate (s L ) assumed constant among larval ages and stream reaches.
Sea lamprey metamorphosis to the parasitic stage is governed at least in part by length [32] , so we modeled the larval population as both length-and age-structured. Our approach was to consider the population as consisting of a set of different growth types, with all individuals of a given growth type being represented by a common length at age. These growth types are defined by the length bins individuals started in at age-1, and subsequent length-at-age for larval sea lamprey in a length bin (b) follows a von Bertalanffy growth model:
where
Nine length bins were defined, and the initial lengths and allocation of proportions of larvae to each bin were set to approximate a presumed normal distribution. The lengths associated with each length bin for age-1 were set to range from -2.0 to +2.0 standard deviations around the mean length at age-1 in increments of 0. l , was estimated from growth data for larval sea lamprey (using mark-recapture data from Treble [33] ). The remaining stream-specific parameterization of this growth model is explained in Appendix B. The true streamspecific parameters for growth are not known, so we allowed for this uncertainty in our simulations. We achieved this by using the among-stream variability in two growth rate parameters (average daily growth and growing season length) for streams reported in the ESTR database as an empirical sample of possible growth rates for each stream. We accounted for expected geographical variation in growth rates among streams tributary to a particular lake by grouping streams regionally according to spatial patterns of growth variation within a lake basin. For Lake Michigan, we assigned each stream to one of three groups: Indiana and the southern lower peninsula of Michigan; Wisconsin and the northern lower peninsula of Michigan; and the upper peninsula of Michigan. We assigned actual growth rate parameters for individual streams by randomly choosing a pair of values (sampling with replacement) for average daily growth rate and growing season length from the set of candidate pairs for the group to which the stream belonged for each simulation. 
The probability of metamorphosis for an individual larval lamprey depended on its length and was calculated for ages-2 and older:
The parameters for equation 7 were assumed to differ between the upper (Superior, Michigan, and Huron) and lower (Erie and Ontario) Great Lakes [23] (see Table 1 ). Note that the proportions
& are not influenced by mortality because this rate was assumed to be the same for each length bin. The number of transformers (potential parasites) in each stream reach was then calculated across ages 2 through 6 and all 9 length bins within an age group by:
A similar sequence of calculations (equations 4-8) was used to model the population dynamics of larval sea lampreys in lentic habitats and areas not susceptible to control actions (Appendix A).
The larval population in each stream reach was updated annually by adding new recruits to age 0 (equation 2) and by subtracting losses due to natural mortality, chemical control, and metamorphosis to the parasitic stage:
For age-1 larvae there is an additional loss term, due to outmigration of age 0 larvae to lentic areas (see Appendix A) and there are no losses due to metamorphosis:
These equations implicitly assume that the few larvae that survive to age-6 and do not transform at that age will die and not reach older ages.
The annual number of parasites leaving larval habitat areas was calculated from the previous year's population of transformers that survived treatment in treated areas (called residuals; see Chemical treatment below) combined with those present in untreated areas (j in equation 11):
Finally, the total lake-wide population of adult sea lamprey in year t+1 was calculated from the number of parasites surviving in year t:
Management Strategies
We used the sea lamprey operating model to compare the performance of five management strategy variants based on two basic strategies for stream selection. We simulated the chemical treatment of streams following either an assessment-based rule generated from a transformer kill-per-dollar estimate or a fixed-treatment schedule in which the number of years between treatments for each treatable area was predetermined. For the assessment-based strategy of stream selection, we evaluated two variants with different levels of assessment uncertainty. For the fixed-treatment schedule we considered two budget options: in one variant we assumed savings from the absence of larval assessment were used to increase the chemical treatment budget (i.e., treat more streams per year); in the other variant we assumed the chemical treatment budget remained the same as for the assessment-based strategy. Finally, we also considered an additional variant in which growth uncertainty was eliminated, speculating that the assessment savings could be used to reduce this source of uncertainty. Although it is likely that some of this growth uncertainty is due to process variation which is probably not reducible, we chose to set growth uncertainty to zero for this variant to assess the maximum benefit that could be derived from reducing this source of uncertainty, analogous to an Expected Value of Perfect Information calculation [2] , Thus five different management strategy variants were considered ( Table 2) .
Assessment-Based Strategy for Stream Ranking
To select stream reaches for chemical treatment based on assessment information, we simulated the annual stream ranking procedure used since 1995 in the sea lamprey control program [19] . Estimated transformer abundance (i.e., population assessment) was calculated as a function of the "true" transformer abundance:
! was drawn from a gamma distribution with a mean of 1 and a CV of either 0.99 (the "low" assessment error) or 1.71 (the "average" assessment error). The two levels of assessment error represent the minimum and average CVs resulting from Monte Carlo simulations performed by Steeves [22] using assessment data from nine Great Lakes streams.
In each year of a simulation, areas available for treatment were ranked in order of treatment priority based on their relative estimated cost-effectiveness of treatment (i.e., ranked to maximize the estimated number of transformers killed per dollar of treatment cost):
As noted earlier, this approach will yield the maximum level of suppression per dollar spent when the variables in equation 14 are known without error [21] . For ranking purposes, we used the treatment effectiveness values Ê i ( ) assumed by the GLFC in their ranking procedures. These values varied among stream reaches and ranged from 0.75 to 0.99 (proportion killed) but were constant over time. The anticipated treatment cost and effectiveness values were derived from data on previous treatments and expert judgment. We assumed treatment effectiveness in lentic habitats was 0.75 based on recorded treatment assessments for such areas. Chemical control costs for each stream reach were obtained from recent data on lampricide costs. Control costs for lentic habitat units were fixed at $5 000 ha -1 based on recent treatments of multiple lentic units within the St. Marys River, Lake Huron. In general, stream reaches and treatable lentic habitats with high densities of large ammocoetes (i.e., those likely to metamorphose into parasites within a year) and modest treatment costs were ranked highest. For the Lake Michigan simulations reported here, we used an annual control budget of $2.027 million for all simulations and all years when the assessment-based approach was used to rank treatment areas. Each year, reaches were treated in rank order, from highest to lowest, until the budget apportioned to lampricide control was exhausted or until remaining funds were insufficient to treat any remaining locations.
Fixed-Treatment Schedule Strategy
We compared the assessment-based strategy to an alternative strategy that used a fixed-treatment schedule to apply chemical control to Lake Michigan sea lamprey producing streams. The fixed-treatment schedules did not rely on assessment information to rank streams for treatment, but rather used prior information on stream-specific larval growth rates to order streams according to the rate at which larval cohorts would reach a size where metamorphosis was likely. Streams with faster growth rates were treated more frequently, subject to budgetary constraints on the total number of streams that could be treated each year. We considered two fixed-treatment variants with contrasting budgets for chemical control. In 2007, $2.9 million was spent on larval assessment in the Great Lakes basin, of which $1.38 million was used for surveys aimed at ranking streams for treatment (G. Christie, GLFC, Ann Arbor, MI, personal communication). Lake Michigan contains approximately 25% of all treated stream reaches in the Great Lakes basin, so we assumed for the simulations reported here that 25% of the budget for stream ranking assessment ($345 000) would have been used for the assessment of Lake Michigan streams. The control budget used for generating the first treatment schedule (Fixed Schedule 1) was the sum of the base control budget ($2.027 million) and the reallocated assessment funds for a total control program expenditure of $2.372 million. The second treatment schedule (Fixed Schedule 2) was generated under the assumption that additional funds would not be available to augment chemical control even if assessment for ranking streams was eliminated, and thus the control budget for this variant remained at the base amount of $2.027 million. The variant in which we assumed growth uncertainty was eliminated was only applied to Fixed Schedule 2, based on the premise that savings from assessment would be applied to reducing growth uncertainty rather than towards increased chemical control.
Fixed-treatment schedules were designed by assigning a cycle length representing the number of years between treatments to each treatment unit (stream reach or lentic habitat unit). Stream reaches with the highest estimated annual growth rates and lentic habitat units with the highest levels of recruitment were assigned the shortest cycle lengths. The overall annual budget available for treatment, as well as the costs of treating all treatment units in Lake Michigan, determined the range of cycle lengths; on average cycle lengths were longer for Fixed Schedule 2 than Fixed Schedule 1 because the smaller budget for the former allowed fewer treatment units to be on the schedule in any particular year ( Table 3) . We used an iterative and by necessity somewhat ad hoc procedure to determine the cycle lengths for all stream reaches by first ordering reaches from fastest to slowest growth rates, and then varying the cycle lengths for individual streams subject to the constraints imposed by the annual treatment budget and that reaches with faster growth rates never had a longer cycle length than a stream with a slower growth rate. We did not have growth rate data for the lentic habitat units, so these areas were assigned cycle lengths ranging from 4 (highest recruitment areas) to 13 (lowest recruitment areas) years, for both budget variants. These lentic habitat units comprise a small proportion of the sea lamprey larval habitat in Lake Michigan (assumed to total less than 4%) that is available for treatment and are also believed to support lower densities of larvae than favorable stream habitats. After assigning a cycle length to each area available for treatment, we generated fixed schedules that assigned areas to actual simulation years and which minimized the annual variability in treatment budgets. In each iteration and each year, all areas scheduled for treatment were treated, and the budget required to do so was recorded. In the fixed-treatment variants, the actual amount expended on control varied from year to year based on which areas were due for treatment, but with the overall average annual expenditure set by the available budget.
Chemical Treatment
Once an area is selected for chemical treatment, the actual treatment effectiveness is subject to a variety of influ- ences (e.g., discharge, changes in pH), although most stream treatments result in levels of larval mortality exceeding 90%. Therefore, if a simulated stream reach was selected for TFM treatment, the entire larval population in that area was reduced based on drawing an estimate of mortality (i.e., treatment effectiveness; t i m , , equations 9-11) from a highlyskewed beta distribution that produced an average treatment mortality near 93% with a CV around 0.10. Little is known about the variability of treatment effectiveness in lentic habitats, although treatment of these habitats is generally considered less effective than lotic control. We assumed that actual mortality due to chemical treatment in a lentic habitat unit would vary about a mean 75% according to a normal distribution with a CV of 0.10. Treatment mortality was applied to all larvae present in the treated area, regardless of age or length (equations 9-10). For each simulation, the applied control mortality values were drawn for all locations regardless of rank status for all years, but only applied to streams that were selected for treatment. This way, treatment effectiveness values related to a single location may vary over time, but treatment effectiveness values did not vary across simulations for cases where the same location was treated in the same year.
Model Calibration and Simulations
Prior to running the simulations, the operating model was calibrated based on stream data for Lake Michigan, as well as information on both recent control expenditures (7-year mean of recent annual lampricide budgets, 1998-2004) and recent observed values of abundance for spawning-phase sea lampreys (7-year mean, 2000-2006) , all provided by the GLFC. The calculations of target calibration abundance and control budget values were offset by a two-year lag to approximate an expected delay between treatments targeting larval lamprey and measures of the adult population. The goal of the calibration process was for the simulation model to approximate spawning-phase sea lamprey abundances close to recent observations when using control budgets that correspond to actual recent expenditures in Lake Michigan. The calibration budget was the combined costs associated with TFM and treatment staff (effort). Thus, the calibration budget was the same as the base control budget used during the evaluation of both management strategies. Larval survival was the primary adjusted parameter during calibration based upon earlier work [34] and because it is an important demographic parameter for which we presently have very limited information. In addition to the larval survival rate, we adjusted an outflow scalar which determined the movement of age-0 larvae from streams and the untreated habitat into lentic habitats. This outflow scalar was adjusted so that density of larvae in lentic areas was approximately one quarter of the average density in streams during the calibration runs. This target ratio was based on observed densities from a lentic inventory survey where larval lamprey densities were measured in both natal lotic areas and associated lentic habitats (Mike Steeves, Department of Fisheries and Oceans Canada, unpublished data).
To compare simulated sea lamprey abundance to the calibration target abundance, we defined the equilibrium level as mean abundance of spawning-phase sea lampreys resulting from sustained treatment. For each simulation of the calibration control budget, the simulated abundance of spawning-phase sea lampreys was averaged across the final 10 years. Then, a grand mean was also calculated by averaging across simulations. The larval survival rate was adjusted until the grand mean was approximately equal to the calibration target abundance (Fig. 3) . We used 5 000 simulations with a 100 year time horizon for calibration. Once the operating model was calibrated to recent targets for Lake Michigan, alternative control variants could then be explored. To compare policies, all simulations were also run for 100 years to allow abundance of spawning-phase sea lampreys to approach a stationary distribution of values prior to the final years of the simulation when model estimates were evaluated. Each policy was repeated 5 000 times to account for model uncertainty. For each set of 5 000 simulations, the mean abundance of spawning-phase sea lampreys was recorded for the final ten years (t = 91-100) and the grand mean was calculated across all simulations. Results for years 75-100 are also presented to display temporal trends (Fig. 4) .
RESULTS

Initialization of the Operating Model and Initial Population Dynamics
Each simulation began with an initial population size of 75 000 spawning-phase sea lampreys and an age-0 larval density of 1 m -2 based on specified larval habitat areas. These homogeneous initializations are necessary simplifications, given incomplete knowledge of age-specific abundances for sea lamprey in all Lake Michigan tributaries, and result in marked transient population dynamics during the early (first 10-15) years of a simulation. Visual inspection of temporal patterns in projected abundance indicated that stationary conditions were approached after approximately 50 years.
Comparison of Management Strategy Variants
For each management strategy variant, the treatment expenditure varied annually depending on which areas were actually treated in that year. For each fixed-treatment variant, the mean annual treatment expenditure across all years and simulations was slightly lower than, but by no more than 1.5%, of the budget expected to be available ( Table 4 ). Annual treatment expenditures varied minimally among years for both assessment-based variants and were within 1% of the target budget.
The model was calibrated using the assessment-based strategy with the average level of uncertainty (Variant 2, Table 2 ); this variant best represents the status quo for management and the recent history of control on Lake Michigan. The forecasted future abundance of spawning-phase sea lampreys for this variant was 118 162 (Table 4) , which is within the range of estimates of abundance from adult assessment surveys during the calibration period (85 800 -164 700, unpublished data). The variability among simulations in this forecasted abundance is large (SD = 87 095, Table 4 ), reflecting the high magnitude of process uncertainty for sea lamprey recruitment.
Selecting streams for treatment using a fixed-schedule rule, but with the same overall (treatment and assessment) budget (Variant 3, Table 2 ), resulted in a lower forecasted mean abundance of spawning-phase sea lampreys than was seen for Variant 2. The difference was small relative to the variability in outcomes among simulations, but in 70% of cases this variant resulted in lower forecasted abundance than status quo variant ( Table 4) . If a fixed schedule was used without increasing the treatment budget by an amount equal to assessment savings (Variant 4, Table 2 ), then the average forecasted spawning-phase sea lamprey abundance was substantially higher, and the simulations almost never resulted in an instance of lower forecasted abundance than the status quo variant (Table 4, last column). As well, this strategy resulted in wide inter-annual variation in forecasted abundance (Fig. 4) . For this variant, the majority of stream reaches were treated on a cycle of six years or more (Table  3) , longer than the duration of the larval phase in some of these streams. Fig. (4) . Mean abundance of spawning-phase sea lampreys across 5 000 iterations for years 75-100 of the 100-year simulations for each of the five variants described in Table 2 . Management strategy variants are identified in the figure legend as indicated in Table 2 and include assessment-based with either low (▼) or average uncertainty (▲), a fixed-treatment schedule with some budgetary resources shifted to control (□; Fixed Schedule 1), a fixed-treatment schedule without additional control expenditures (○, solid line; Fixed Schedule 2), and this same fixed-treatment schedule without growth parameter variability (○, dotted line; Fixed Schedule 2). `Reducing larval assessment uncertainty had a much larger effect on forecasted abundance than reducing growth uncertainty. When we repeated the assessment-based strategy but assumed a lower level of assessment uncertainty, the average forecasted abundance was approximately one-third of the baseline value (Variants 1 and 2, Table 4 ), and the forecasted abundance for individual simulations was nearly always lower than the status quo variant. Conversely, repeating the Fixed Schedule 2 strategy, but assuming perfect knowledge of stream-specific larval growth rates had very little effect on the outcome (Variant 5, Table 4 ).
DISCUSSION
MSE-style models have been developed for several exploited fish stocks to simulate the entire management process and to examine the effects of various types of uncertainty in fishery management [6, 35, 36] . In this paper, we describe an MSE-style operating model for sea lamprey management, in which we have incorporated a) demographic (process) uncertainty -uncertainty in larval population dynamics, b) assessment uncertainty -imperfect knowledge used for stream selection, and c) control uncertainty -variable efficacy of chemical treatments. The model can be used to examine a variety of strategic questions concerning sea lamprey control in the Great Lakes by simulating the performance of the management system while explicitly accounting for these uncertainties.
We used the sea lamprey operating model to conduct a set of simulation experiments, forecasting the average number of spawning-phase sea lampreys in Lake Michigan resulting from five variants which differed in the management strategies used for stream selection and levels of two sources of uncertainty. At current levels of assessment uncertainty, reallocation of the funds used to assess stream reaches to support their treatment based on a fixed treatment schedule resulted in a lower expected abundance of spawning-phase sea lamprey in our simulations for Lake Michigan. We note that this strategy may not be the optimal fixed-schedule for the budget available; optimizing the schedule (beyond the scope of this analysis) might yield even better performance for the same budget. In contrast, treating stream reaches on a fixed schedule with no additional resources available for chemical treatments was much less effective than selecting reaches for treatment based on larval assessment, highlighting the sensitivity of the average performance of fixedschedule strategies to relatively small variations in budget. The most desirable outcomes were produced by the management variant with relatively low assessment uncertainty, but the costs associated with achieving this increased accuracy remain unknown.
These results raise important questions about the role of larval population assessment in sea lamprey control. We concluded that the current budget for treatment of Lake Michigan sea lamprey producing streams was only sufficient for successful control if the selection of streams was guided by an assessment program. On the other hand, comparatively small increases in funds for stream treatment (a 16% increase from current levels) were sufficient to overcome the reduced accuracy of a fixed treatment schedule. Ultimately, our results suggest that alternative strategies where less is invested in assessment deserve consideration by sea lamprey program managers. In a related empirical study, the current assessment procedure that the operating model in this paper simulates was compared to an alternative rapid assessment method [37] . This rapid assessment method can be viewed as somewhere between the two extremes simulated here (current assessment versus no assessment), and was found to outperform the current method, but only if the savings from using the rapid assessment method were applied to control, similar to Variant 3 in our simulation experiment. The Great Lakes Fishery Commission adopted the rapid assessment method in 2008. While our results could be used to argue that a strategy with no assessment program at all is viable, the absence of any assessment would limit a manager's ability to verify the performance of the strategy and the operating model on which it is based.
Our results also highlight the particular importance of assessment uncertainty for sea lamprey management. When assessment uncertainty was reduced to the minimum level observed in Steeves [22] , the assessment-based decision rule outperformed any other method of stream selection, despite the fact that more money was allocated to treatments under the Fixed Schedule 1 variant. Of course if assessment uncertainty were to be reduced by increasing annual assessment expenditures (i.e., more intensive population assessments), then the gains in suppression forecasted here would probably not be realized, at least absent an overall increase in the budget. However, it is possible that valuable reductions in assessment uncertainty could be achieved without increasing annual expenditures, particularly by improving the accuracy of models used to interpret assessment data. A noteworthy example of this concerns the model that is used to predict the proportion of the larval population in a stream reach that is expected to metamorphose during the year following an assessment [19] . Recent research into factors affecting sea lamprey metamorphosis has yielded a new model for forecasting metamorphosis for use in the stream ranking process that appears to be more accurate than the model currently in use [32] . Replacement of the current model with this newer model could substantially reduce the uncertainty associated with use of assessment data to rank streams for lampricide treatment.
For practical reasons all simulation tests of potential management strategies reflect choices regarding what uncertainties to address, and to what extent [10] . While we did explicitly incorporate some uncertainties, others were dealt with only through limited sensitivity analysis, and others were not quantitatively addressed. In principle Management Strategy Evaluation, to be comprehensive, should include a thorough evaluation of the robustness of the forecasted performance of each policy to all sources of uncertainty. In addition to the results for the base model presented in this manuscript, we also evaluated the same strategies using an alternative model for how sea lamprey grew. In that alternative model mean length-at-age followed a von Bertalanffy model, but the larval length distribution at each age followed a normal distribution, with no change to the distribution about the mean occurring to reflect the earlier transformation of faster growing larvae. This alternative version of the model produced very similar results to those reported here, suggesting that the specifics of among individual differences in growth are unlikely to have a strong influence on our results. We believe there remains scope for further sensitivity analysis of our sea lamprey MSE, particularly with respect to the highly influential larval survival parameter we used to calibrate our simulations.
As we have shown here, the sea lamprey operating model offers a valuable management tool for both simulating the impacts of management decisions and exploring the relative influences of various sources of uncertainty. Our simulation experiment demonstrated the large influence of assessment uncertainty on the effectiveness of management actions and the comparatively small influence of growth (process) uncertainty. In an earlier study [30] , a simpler model was used to demonstrate the large influence of process uncertainty in recruitment on the relative performance of control strategies that either targeted larval populations (i.e., lampricide control) or targeted adult reproductive success (e.g., traps and sterile male releases). We have also used the operating model to compare the performance of different approaches to ranking streams for lampricide treatment based on assessment data [33] , to compare control strategies that rely exclusively on chemical control of larval populations to those that utilize a mix of chemical control and methods that target adult reproductive success [31] , and to determine management targets for sea lamprey control using Economic Injury Level [38] calculations [39] . Reporting the results of these applications is beyond the scope of this paper but will be the subject of future reports. Overall, we see great promise for the use of MSE-style approaches to inform fisheries management and, in this paper, present evidence that such analyses are beneficial even when management strategies are not directly focused on regulating harvest.
The total area of lentic habitats for each Great Lake was estimated by sea lamprey biologists and managers (T.B. Steeves, M. Fodale, and J. Slade, unpublished data). We simulated the annual colonization of lentic habitats by assuming that a small fraction of the age-0 production emigrates from all streams to lentic habitats. We adjusted this fraction during model calibration, such that the resulting average density of lentic-dwelling larvae was approximately 25% of the average larval density in streams, based on limited data on stream/lentic habitat density ratios for 11 Great Lakes streams (T.B. Steeves, DFO, unpublished data).
This approach to colonizing lentic habitats is clearly a simplification, in that not all streams actually contribute larvae to lentic habitats and there is likely emigration of larvae older than age-0. However, there are few if any data to support a more realistic representation at this time, and we felt that the key requirement was to connect lentic recruitment to stream production generally, rather than developing a spatially explicit model of stream-lentic connections. Further exploration of the significance of this simplification to our model may be warranted in the future, particularly if the treatment of lentic habitats becomes an important component of Great Lakes sea lamprey control.
Once age-0 sea lampreys were allocated to the overall lentic habitat for a lake, they were distributed among individual lentic habitat units based on observations of the distribution of larvae among lentic-type habitats in the St. Marys River. We used data from 25 St. Marys River plots that had larval abundance estimates to define a relationship between the cumulative area of plots (x) and the cumulative proportion of the total larval population (y) in all plots and fitted the following function to these data:
where λ describes the extent to which the majority of the larvae are in a small proportion of the total area, with larger values implying a less uniform distribution among units.
The number of individual lentic habitat units (N) was determined based on dividing the total lentic area for a lake by an average size calculated for 56 lentic treatment units (plots) in the St. Marys River that were considered for treatment during 2006 (12.5 ha; Gavin Christie, GLFC, unpublished data). During each year of a simulation, we distributed the age-0 larvae allocated to treatable lentic habitat among the N individual lentic units as: 
where t L , 0 is the total number of age-0 larvae allocated to the lentic habitat for a given year t, and x i is the proportion of total lentic area in units 1 through i, and λ was 3.02 based on the fit of equation A1. Once calculated, the proportion of larvae allocated to an individual lentic unit was held constant for all simulation years. Next, we assumed that the treatment costs for individual lentic units would be comparable to recent costs for actual treatment of St. Marys River plots ($5 000 ha -1 ; Gavin Christie, unpublished data). Thus, the simulated individual lentic units were of equal size and had equal treatment cost per area but varied in larval density.
The contribution of untreatable habitats to parasitic sea lamprey production in the Great Lakes is unknown. Based on the expert opinion of sea lamprey control program biologists and managers, we fixed the area of untreatable larval habitat at 2% of the total area of the total larval habitat in streams for each lake. We assumed, in effect, that larval densities in these untreatable habitats were comparable to those in stream larval habitats. These untreatable habitats contributed the same proportion of their age-0 larval production to lentic habitats each year as was contributed from stream reaches.
Appendix B. Parameterization of the von Bertalanffy Larval Growth Model for Sea Lamprey Based on Stream-Specific Growth Parameters Originally Developed for a Linear Growth Model
This appendix describes how the stream-specific parameters used in the von Bertalanffy model (equation 4) were obtained based on information already available in the ESTR database [19] . The stream-specific growth rates in ESTR were determined originally for use in a linear growth model. For each Great Lake, the previously assembled database included stream-specific estimates of both the duration of the where a is age, and 0 l is a user-specified length at age-0 (20 mm). Recent information suggests that growth of larval sea lampreys is asymptotic [33] . Therefore, a von Bertalanffy growth model would likely provide a better representation of length at age for larval sea lamprey. Thus we describe a method by which existing stream-specific database values ( ) 
